The present investigation analysed iron artefacts collected in two sites around Araçoaiaba Hill. A known methodology was adapted to investigate several samples collected at the Royal Iron Factory of São João do Ipanema and Sardinha sites. EDX microanalysis results of non-metallic inclusions were plotted in bivariate graphs. Linear regression (with and without the zero-intercept constraint) and line intercept significance tests were applied to interpret these results. The analysis did not allow the identification of the provenance of the production systems of Sardinha and Ipanema sites. The presence of Ti-rich inclusions was an unambiguous attribute of the samples collected at the Sardinha site.
Introduction
In the late 16th century, Afonso Sardinha discovered magnetitic iron ore in Araçoiaba Hill, located one hundred kilometres from São Paulo city. The existence of water and iron ore in this site enabled him to establish a bloomery there (Lemes 1954; Rodrigues 1966) . The ruins of this enterprise were discovered in 1977 by Salazar and the layout of the stone buildings suggested that the area contained a metal smith shop and a bloomery-a furnace for direct reduction of iron (Salazar 1982; Ze-quini 2006) . In the 1980s, Prof. Margarida Andreatta excavated this site and the results of the thermoluminescence dating of a few European style pottery fragments found there indicated they were 520 ± 75 years old (Zequini 2006) . In 1807, when Napoleon´s army invaded Portugal, the Portuguese court was forced to flee to Brazil and Rio de Janeiro became the capital of the Portuguese empire. In 1809, the Portuguese king, João VI, launched three large projects to construct ironmaking facilities, two in the State of Minas Gerais and one in the State of São Paulo. The latter, located near the same iron ore occurrence of Araçoiaba Hill, gave rise to a public-private enterprise named as "Royal Iron Factory of São João do Ipanema", which built twin blast furnaces in Brazil similar to the ones being operated at that time in Portugal (Rogers 1962; Campos and Solórzano 2004; Zequini 2006; Medeiros 2009; Landgraf et al. 1995) . The technical difficulties during the operation of the blast furnace and finery of the Royal Iron Factory of Ipanema created a situation where both direct and indirect iron reduction processes coexisted in the same factory for the production of iron artefacts (Araújo et al. 2010) . The slag inclusions from the ferrous artefacts produced by the direct process featured higher P 2 O 5 and FeO contents when compared to the slag inclusions from artefacts produced by the direct process. Additionally, the slag inclusions from the ferrous artefacts manufactured by the direct process featured higher contents of Al 2 O 3 , MgO and K 2 O (Dillmann and L'Heritier 2007) . The analysis of microstructure and chemical composition of slag inclusions of iron artefacts has been used in an attempt to identify their manufacturing process, such as direct or indirect reduction, and the "signature" of their production system (Rostoker and Dvorak 1990; Gordon 1997; Buchwald and Wivel 1998; Starley 1999; Dillmann and L'Héritier 2007; Desaulty et al. 2008; Blakelock et al. 2009; Maia 2014 ) became higher than 0.7. The provenance of various iron artefacts was identified by comparing the resulting constant ratios of these bivariate graphs. According to authors (Dillmann and L'Heritier 2007; Disser et al. 2014) , data refining procedure was aimed to remove the abnormal slag compositions from the bulk analysis, which may occur due to use of additives during forging, and the chemical compositions of small inclusions, which might be biased by a local concentration effect. Blakelock et al. (Blakelock et al. 2009 ) reproduced experiments of direct reduction and refinement of iron to explore the relationship between the chemical composition of the slag inclusions and the chemical compositions of iron ore, furnace lining, fluxes and reducing agents. They tested the proposed constrained linear regression model (Dillmann and L'Héritier 2007) to analyse non metallic inclusions in iron objects produced under experimental conditions. Even under controlled experimental conditions, they explained they would have to apply the data cleaning process to up to 50% of the non metallic inclusions to obtain an acceptable value for the coefficient of determination (R 2 > 0.7). They pointed out that this practice could distort their results and observed patterns. Sophisticated multivariate statistical methods have been applied since 2009 to analyse the microanalysis results and investigate the production provenance of iron artefacts (Blakelock et al. 2009 , Charlton et al. 2012 , Disser et al. 2014 ). The present investigation will explore a methodology based on previous investigation (Dillmann and L'Héritier 2007) to compare the constraint linear regression model (CLRM) and unconstraint linear regression model (ULRM) during the investigation of the provenance of several samples collected at the Royal Iron Factory of São João do Ipanema and Sardinha sites.
Materials and methods
Six ferrous artefacts (one bar, three nails, one hinge and one plate) from Andreatta's collection (Zequini 2006) were selected for characterization. Three of the iron artefacts (identified as I82, I84 and I99) were collected at the Ipanema site and the remaining three (identified as S106, S107 and S111) at the Sardinha site. Metallographic samples were prepared and characterized by conventional microscopy, scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy microanalysis (Saphire Si(Li) -SUTW EDAX EDX detector) on at least 30 inclusions for each ferrous artefact, using 15 kV, area mode and acquisition time of at least 60 s. Microanalyses on the non-metallic inclusions with length and width larger than 5 μm were performed in area mode, covering areas larger than 25 um 2 , imposing as a constraint that all the elements in the non metallic inclusions were in the form of stoichiometric oxide (see average results in (Dillmann and L'Heritier, 2007) for the partial discrimination of direct and indirect reduction products. Two linear regression models (CLRM and ULRM) were applied without any data-cleansing (due to the larger size of inclusions used in the present investigation) to investigate the strength of the correlation for various bivariate graphs. Additionally, the calculation of the surface weighing the average composition for each object (giving more weight to large inclusions and less to smaller ones) was not performed in the present investigation, as suggested elsewhere (Dillmann and L'Heritier 2007) . In the first scenario, the linear regressions (CLRM) were forced to pass through the origin (b=0), while in the second scenario they were performed without any constraint. Student t-test and Student's t-cumulative distribution function were used to evaluate the significance of the intercept of the line equation in the cases when b ≠ 0. The |t| value of the Student t-test and the Student's t-cumulative distribution function were calculated via Origin Lab 8.5 software and analysed in accordance with Manson et al. (Manson et al. 2003) . If |t|> 2 and p < 0.05 (95% confidence interval) the intercept of the linear regression was significant. Finally, the values for the coefficient of determination (R 2 ) for the linear regression for both linear regression models (CLRM and ULRM) were compared to explore the origin of the iron artefacts.
Table1
Average EDX microanalysis of slag inclusions (% weight) of the samples collected at the Royal Iron Factory of São João do Ipanema (I) and Sardinha sites (S). 0.9 ± 0.6 2.1 ± 0.5 14.6 ± 4.7 2.1 ± 2.3 0.5 ± 0.1 1.5 ± 0.5 0.4 ± 0.1 0.3 ± 0.2 1.6 ± 0.8 75.7 ± 5.6 I84 1.3 ± 0.6 1.6 ± 0.5 10.1 ± 4.0 4.9 ± 3.7 0.3 ± 0.2 1.5 ± 1.1 0.4 ± 0.3 0.5 ± 0.4 2.3 ± 1.6 76.6 ± 9.5 I99 1.8 ± 0.4 2.6 ± 0.8 28.7 ± 9.5 3.2 ± 1.5 2.5 ± 1.3 9.5 ± 4.1 0.4 ± 0.2 0.5 ± 0.2 0.7 ± 0.2 49.7 ± 7.2 S106 1.1 ± 0.2 1.9 ± 0.5 13.8 ± 4.6 1.0 ± 0.4 1.1 ± 1.1 2.5 ± 0.9 5.7 ± 1.6 -0.8 ± 0.2 72.1 ± 7.2 S107 3.6 ± 1.6 2.2 ± 0.8 33.1 ± 14.5 3.7 ± 0.4 2.3 ± 1.2 12.9 ± 6.9 1.6 ± 0.8 1.6 ± 1.1 1.9 ± 0.7 36.6 ± 23.1 S111 1.1 ± 0.3 1.8 ± 0.6 11.8 ± 6.7 1.0 ± 0.7 0.9 ± 0.9 2.3 ± 1.9 6.9 ± 3.5 1.5 ± 0.7 0.8 ± 0.2 71.6 ± 10.7
Results

Samples
The microstructure of the Sardinha site inclusions differ significantly as they all presented a phase non present in the Ipanema artefacts inclusions, a Ti-rich phase. The average microanalyses results of the non metallic inclusions of each iron artefact are given in Table 1 and they indicated that the main difference between the non metallic inclusions of both sites is the TiO 2 content, which is much higher in the samples collected at the Sardinha site. Additionally, samples I99 and S107 showed comparatively lower average values for the FeO content and a more detailed analysis of these results will be shown in Figures 2 and 3 .
The microstructural characterization of non metallic inclusions is shown in Figures 1-a and 1-b . Table 2 ) indicated that the CLRM without data-cleansing was not valid for 7 out of the 9 samples. The results for the artifacts collected at the Sardinha site (see Table 3 ) indicated that the CLRM was valid for 5 out of the 9 samples. These results indicated that CLRM without data-cleansing was not suitable for the present investigation. Additionally, Table  4 compares the values of the coefficients of determination (R (Dillmann and L'Heritier, 2007) for partial discrimination of direct and indirect reduction products. This figure shows that most of the iron artefacts found in the Sardinha site are located in the direct reduction field (except sample S107), but this same figure could not identify the reduction process for the iron artefacts found in the Royal Iron Factory de São João de Ipanema, which were mostly located within the "undefined reduction process" field, with the exception of sample I99, for which most points are located in the direct reduction field. 
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The present results (see Tables 2 and 3) indicated that the constrained linear regression model was valid for only seven out of eighteen bivariate relationships. The present investigation, however, did not use any data cleansing to improve this result, as proposed elsewhere (Dillmann and L'Heritier, 2007) due to the large size of the investigated inclusions. Additionally, the low values for the coefficient of determination (R 2 < 0.7) for the unconstrained regression model (see Table  4 ) when compared with the constrained linear regression model indicated that the hypothesis of forcing the linear regression passing through the origin, as proposed by other authors (Coustures et al. 2003; Dillmann and L'Heritier, 2007) , should be used with care, as this assumption drastically changes the values of the linear correlation parameters. The results in Tables 2 and 3 indicated that the CLRM without data-cleansing was not valid for 78% of the bivariate relationships on the artefacts collected at the Ipanema site and for 45% of the bivariate relationships on the artefacts collected at the Sardinha site. As a matter of fact, the use of the zero intercept model (CLRM) increased the values of the coefficients of determination in 95% of the samples by an average value of 260%, which may lead to the "unrealistic" identification of the provenance of iron artefacts. As a result, the present investigation could not identify the signature of the productive systems of Sardinha and Ipanema sites using any of the linear regression models.
However, a qualitative analysis of Figures 2-a to 2-d suggested that I99 sample was different from the other objects collected at the Ipanema site, and that S107 sample may also be different from the other objects collected at the Sardinha site. This simple observation indicated that the number of investigated artefacts from Ipanema and Sardinha sites must be increased to produce more meaningful conclusions about the provenance of these iron artefacts. For instance, Figure  3 showed that most of the iron artefacts found in the Sardinha site are located in the direct reduction field (except sample S107), but this figure did not show any information for the iron artefacts found in the Royal Iron Factory de São João de Ipanema (direct and indirect reduction), which were mostly located within the "undefined reduction process" field, with the exception of sample I99, for which most points are located in the direct reduction field. As a matter of fact, a large number of points of Ipanema samples fall into the very large overlap region occupied by objects with different technological origins (direct or indirect reduction) in the graph proposed by Dillmann and L'Heritier (Dillmann and L'Heritier, 2007) .
Finally, another important attribute of the inclusions of the samples collected at the Sardinha site when compared to the samples collected at the Ipanema site was its higher TiO 2 content associated with the presence of polygonal ilmenite (FeTiO 3 ) in the microstructure. In this case, the microstructural characterization was able to differentiate the artefacts collected at Sardinha and Ipanema sites.
• The present investigation could not identify by linear regression models the signature of the productive systems of Sardinha and Ipanema sites. The number of investigated artefacts from Ipanema and Sardinha sites should be increased in order to produce stronger conclusions about the provenance of the iron artefacts collected at these sites.
• The constrained linear regression model (CLRM) without datacleansing must be used with extreme care, as the assumption of having a line passing through the origin of the bivariate graphs increased the coefficients of determination (R 2 ) in 95% of the samples by an average value of 260% when compared to the unconstrained linear regression model (ULRM).
• The graph of the P 2 O 5 content versus the [(Al 2 O 3 + MgO+ K 2 O) / FeO]) ratio in the non metallic inclusions indicates that that most of the iron artefacts found in the Sardinha site are located in the direct reduction field (except sample S107). This same graph could not identify the reduction process for the iron artefacts found in the Royal Iron Factory de São João de Ipanema.
• Another particular attribute of the inclusions of the ferrous artefacts from Sardinha site, when compared to the samples of Ipanema site, was their higher TiO 2 content associated with the presence of polygonal ilmenite (FeTiO 3 ) in their microstructure. In this case, the microstructural characterization was useful to differentiate the ferrous artifacts collected at Sardinha and Ipanema sites.
